Metallic oxide SrVO3 represents a prototype system for the study of the mechanism behind thickness-induced metal-to-insulator transition (MIT) or crossover in thin films due to its simple cubic symmetry with one electron in the 3d state in the bulk. Here we report a deviation of chemical composition and distortion of lattice structure existing in the initial 3 unit cells of SrVO3 films grown on SrTiO3 (001) from its bulk form, which shows a direct correlation to the thicknessdependent MIT. In-situ photoemission and scanning tunneling spectroscopy indicate a MIT at the critical thickness of ~3 unit cell (u.c.), which coincides with the formation of a (22)R45 surface reconstruction. However, atomically resolved scanning transmission electron microscopy and electron energy loss spectroscopy show depletion of Sr, change of V valence, thus implying the existence of a significant amount of oxygen vacancies in the 3 u.c. of SrVO3 near the interface.
Introduction
Transition metal oxides have been one of the most-studied systems in condensed matter research for many decades. The strong coupling between charge, spin, and lattice in these strongly correlated systems gives rise to a variety of fantastic phenomena such as high temperature superconductivity [1] , colossal magnetoresistance [2] , and multiferroicity [3] . Among the family of transition metal oxides, SrVO3 (SVO) is a promising material that has recently attracted much attention for proposed applications as conducting electrodes [4] and transparent conductors [5] .
Being a highly correlated paramagnetic metallic oxide, SVO is known to undergo metal-insulator transition (MIT) upon doping or reduced dimensionality in thin film form [6, 7] . The simple cubic structure and absence of magnetic ordering in SVO makes it a prototype for the study of the mechanism behind MIT, like structure distortion, electron correlations and disorder-induced localization.
Angle resolved photoemission spectroscopy (ARPES) study reported that MIT occurs at a critical thickness of 2-3 ML for SVO thin films grown on SrTiO3 (001) (STO) substrate [6] . Based on Mott-Hubbard theory, MIT can be controlled by tuning the magnitudes of the on-site Coulomb repulsion U and bandwidth W [8, 9] . Going from bulk to thin films, the decrease in film thickness results in a reduction in the effective coordination number of constituent ions at the interface and surface, and therefore reducing the effective bandwidth W which may drive the system into MIT [6] . However, the change of lattice structure and/or chemical composition near the interface/surface may drastically alter the film properties. Recent studies with scanning tunneling microscopy (STM) and Spectroscopy (STS) [10, 11] reported that the surface of SVO has two distinct surface termination associated with two surface reconstructions, a (22)-R45 and (22)-R26.5, respectively. These reconstructions may be important factor to influence film metallicity in ultrathin limit, hence the observed MIT. However, the effect of film structure and chemical composition on MIT is neither studied nor understood. Furthermore, the disorder caused by defects such as oxygen vacancies and interface intermixing is almost unavoidable near the interface. STEM study [12] on SVO/STO demonstrated V-Ti inter-diffusion at interface and that interfacial defects induce a significant change in electronic properties by showing an electronic transformation from the insulating state to metallic state at SVO/STO heterointerfaces due to the hybridization of interfacial Ti 3d, O 2p and V 3d orbitals. It is proposed by the scaling theory of localization that in a 2D system, the existence of disorder alone will drive the system towards insulating behavior [13, 14] , therefore disorder can play a crucial role in MIT. In the case of oxide thin films, disorder mostly exists in the form of oxygen vacancies, which can be easily introduced into the system during film growth at a low oxygen partial pressure or in vacuum. In addition, presence of epitaxial strain can promote the presence of the oxygen vacancies [15] . Therefore, in order to understand the origin of MIT, the role of disorder (cation or anion) must be considered on the same grounds as electron-electron correlations. In this study, we seek to understand the role played by disorder behind the MIT in SVO system, by investigating the structure and electronic properties of the SVO thin films with various tools including ultraviolet photoemission spectroscopy (UPS), scanning tunneling spectroscopy (STS), scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS). Our study confirms that near the SVO/STO interface where the film is under maximum strain, there indeed exist a significant amount of cation and anion defects. Moreover, by introducing more oxygen vacancies into the original metallic SVO thin films, one can eventually drive the films to insulating. We therefore conclude that disorder plays a significant role in the thickness-induced MIT.
Experimental Details
The substrates used in this study were 0.1% Nb: SrTiO3 (001) samples supplied by Crystec GmbH. Before transferred to the vacuum chamber, every substrate was cleaned with acetone, alcohol and deionized water, etched with Buffered HF for 30 seconds and subsequently annealed at 950 C for 1h in oxygen to prepare an atomically flat TiO2-terminated surface for an optimized film growth. The SVO films were grown at substrate temperature of 600 C under vacuum level of 110 -8 Torr with laser energy of ~2.5 J/cm 2 and monitored by reflection high-energy electron diffraction (RHEED) to guarantee a layer-by-layer 2D growth. A stoichiometric SVO target was used for the deposition. After the growth, the films were transferred to a characterization chamber through vacuum to perform in-situ analysis. Scanning tunneling microscopy/spectroscopy 
Results and Discussions
A ball model of the SVO/STO structure is displayed in Fig. 1 2(a). The detailed intensity v.s. film thickness plot at the Fermi edge is shown in Fig. 2(b) . Given the error bar of the measurements, we can see that below 3 u.c. thickness, there is no intensity at the Fermi edge. Starting from 3 u.c., the intensity at the Fermi edge starts to increase with increasing film thickness. The intensity at the Fermi edge for 4 u.c. film almost reach to the same level for 25 u.c. one, indicating that the film becomes fully metallic, which is consistent with the results previously reported elsewhere [6] .
The MIT at a critical thickness of 2~3 u.c. is also confirmed by the STS measurements.
Although STS allows to access local density states, by taking measurements on a reasonable number of points randomly sampled in different locations on the same sample, one can still compare and average the results to obtain a more general look of the film's electronic property. In our measurements of tunneling current as a function of electric bias voltage (I-V) curves, ten or more points are sampled for each film, with about 20 curves taken for each point. To understand the underlying mechanism of this thickness-dependent MIT, we have performed the structural characterization of SVO films with both LEED and STEM. As shown in Fig. 3(a) , LEED image appears p(11) pattern for the surface of a simple cubic-like lattice.
However, fractional spots appear for the films with 3 u.c. and above as shown in Fig. 3 (a) and the line profile of LEED intensity for different film thickness shown in Fig. 3(b) . The LEED pattern with fractional spots indicates a (22)R45 surface reconstruction. Such a surface reconstruction has been observed previously by LEED and STM image from thick SVO films [10, 11] . STM image seems to indicate that the superlattice surface structure is formed by a VO2-terminated layer with apical oxygen adsorption. A 50% coverage of the apical oxygen sites (forming a SrVO3.5 surface structure) has been suggested [10, 11] , which leads to the formation of the (22)R45 LEED pattern. Interestingly, the formation of such ordered structure coincides with the metallization of films.
We performed STEM/EELS measurements to study atomic structure and chemical composition across the SVO/STO interface. We have chosen an SVO film with a thickness of 50 u.c. in this study to ensure the interface region is protected from degradation in the atmosphere. For SVO film beyond the DA, the measured out-of-plane lattice constant converges to the value of bulk SVO (3.84 Å, see the dotted line). Yet, the out-of-plane lattice constant expands to 3.97  0.4 Å in DA, larger than bulk STO (3.905 Å) which is not expected in a film under tensile strain.
The abnormal lattice expansion (so as the unit cell volume) in the DA is likely related to existence of considerable oxygen and strontium deficiency. There have already been reports of oxygendeficiency driving the lattice expansion in complex oxides, both in bulk and in thin film [18] [19] [20] .
Also, the fact that the DA is less contrasted in HAADF-image itself suggests possible existence of oxygen-deficiency [21] .
We explored the film further by performing EELS elemental mapping to characterize the composition distribution and electronic structure across the interface. A red shift of ~ 0.4 eV of the V L3-peak is observed within the first 3 u.c. from the interface (i.e., the DA), indicating a reduced V valence state [12] . The two spectra of the TiO2 termination layer and the doped VO2 layer also shift towards lower energy, implying decreased valence state of Ti ions [22] . The details on the valence change of V and Ti are plotted in Fig. 5(f) . A drop of Vvalence to about ~ 3.6+ within the DA is evident. The oxidation state of Ti decrease to ~ 3.5+ in the DA. As a system which does not favor tilt and rotation and being non-polar along the [100]
direction, no polar-discontinuity need to be compensated by structural/charge reconstruction at the interface when SVO is grown on STO. In order to maintain charge neutrality (in DA) near the interface, a significant amount of oxygen-deficiency is suggested; one part for compensating the slight-Sr deficiency, and other part for the reduced oxidation of Ti and V. Recalling that critical thickness of metal-insulator transition for SVO films is also 3 u.c., this leads to our hypothesis that the disorder due to oxygen as well as strontium deficiency may be the main driving force for the MIT.
As mentioned in the introduction, disorder alone, in the form of oxygen deficiency, can drive our system into insulating. If this is the case, then it is quite possible that we should be able to tune a metallic SVO film to insulating by introducing more oxygen deficiency into the film on purpose. We tested our hypothesis by post-annealing the SVO films in the same vacuum level for film growth but under higher temperature. Ex-situ measurements of resistance and magnetoresistance were performed on the post-annealed films along with a set of films of different thicknesses for comparison. Figure 6 
